ABSTRACT: We report a joint experimental and computational work on new organic donor−acceptor dye sensitizers in which a carbazole (CZ) and a phenothiazine (PTZ) units are linked together by an alkyl C 6 H 13 , while two different anchoring groups are employed: the cyanoacrylic acid (CS1A, CSORG1) and the rhodanine-3-acetic acid (CS4A, CSORG4). The CZ moiety has multiple roles of (i) acting as an extra-electron donor portion, providing more electron density on the PTZ; (ii) suppressing the back-electron transfer from TiO 2 to the electrolyte by forming a compact insulating dye layer; (iii) modulating dye aggregation on the semiconductor surface; and (iv) acting as an antenna, collecting photons and, through long-range energy transfer, redirecting the captured energy to the dye sensitizer. We show that the introduction of the CZ donor remarkably enhances the photovoltaic performances of the rhodanine-based dye, compared to the corresponding simple PTZ dye, with more than a two-fold increase in the overall efficiencies, while it does not bring beneficial effects in the case of the cyanoacrylic-based sensitizer. Based on quantum mechanical calculations and experimental measurements, we show that, in addition to a favored long-range energy transfer, which increases the light absorption in the blue region of the spectrum, the presence of the CZ unit in the CSORG4 dye effectively induces a beneficial aggregation pattern on the semiconductor surface, yielding a broadened and red-shifted light absorption, accounting for the two-fold increase in the generated photocurrent.
INTRODUCTION

Dye-sensitized solar cells (DSSC)
1−3 offer a promising alternative to conventional silicon-based solar technologies, providing high efficiency, reduced fabrication costs, and short energy payback time. In these cells, the dyes and the mesoporous TiO 2 layer 4 represent the key components to achieve high power conversion efficiencies. Although the highest-performance devices employing a liquid I − /I 3 − electrolyte 5 are sensitized with Ru(II)-based dyes such N3, N719, and black dye, 4 ,6−8 several promising metal-free dyes are developed, 9, 10 with overall efficiencies approaching 10%. 11, 12 In comparison to Ru(II)-based dyes, organic dyes exhibit many advantages, such as ease of molecular structures design and synthesis, high molar extinction coefficients, the possibility of extending absorption spectra in the visible range as a result of incorporation of different light-absorbing groups, and reduced production costs. A typical push−pull organic dye consists of an electron-donating group, a linker group, and an electron accepting/anchoring group. Among the donor moieties, N,Ndimethylaniline group, 13, 14 coumarins, 15−21 tetrahydroquinolines, 22, 23 pyrrolidine, 24 carbazoles, 25 diphenylamine, 26 triphenylamine, 27−30 etc. have been widely employed. On the other side, basically three types of acceptor/anchor groupsnamely, cyanoacrylic acid, 13−31 carboxylic acid, 32−34 and rhodanine-3-acetic acid 35−37 are widely used in organic dyes for DSSC. 11, 12 Moreover, in conjunction with novel ferrocene or cobalt-based electrolytes, organic dyes achieved better performance, compared to Ru(II) dyes. 38−42 The reduced efficiencies (lower open-circuit voltage (V oc ) values) 43 of organic sensitizers with standard the I − /I 3 − redox mediator have been commonly attributed to higher charge recombination of the injected electrons with the oxidized dye or electrolyte; also, the formation of dye-aggregates on the TiO 2 surface has been recognized as one of the factors yielding lower photovoltaic performance of DSSCs based on organic dyes. 44−52 While dye aggregation can be successfully prevented by the use of antiaggregation co-adsorbents, 53 −58 the effect of the dye molecular structure on the recombination kinetics is more entangled and has been investigated for both metal-based 59−62 and metal-free dyes. 46,51,63−68 In this context, elucidating the subtle relations existing between the dye molecular structure and the final photovoltaic performances is a fundamental requisite for a successful strategic molecular design of novel sensitizers.
From a different perspective, an appealing molecular engineering strategy to enhance the dye efficiency by extending the window of absorbed light consists of the use of "antenna" systems, tethered to the dye, which collect photons and, through long-range energy transfer (Forster resonance energy transfer, FRET), 69 divert the captured energy to the sensitizing dye, grafted to the TiO 2 surface. 70 With respect to various cosensitization strategies, where different dyes are adsorbed on the semiconductor surface, 71, 72 the benefit of linking the antenna to the dye lies in the possibility of combining multiple absorbing dyes, overcoming the restrictions of the limited TiO 2 loading as well as those involved in the effective tuning of the inter-chromophoric distance/geometry to increase the FRET efficiency. 73−75 We recall that FRET is an excitation transfer mechanism mediated by the coupling of two resonant dipoles in the presence of an electric field. 76 Therefore, the geometry of the donor−acceptor system is crucial to determining the Forster radius (R 0 ) and, hence, the energy transfer rate. 73 The Forster radius, defined as the distance between the donor and the acceptor when the FRET has 50% probability, 76 is, indeed, given by the energy donor photoluminescence quantum efficiency (Q D ), the overlap integral of the donor emission spectrum (F D ), and the acceptor absorption spectrum (ε A ), and the orientation factor (κ 2 ), given by the relative orientation of the two interacting dipole moments. 77 Theoretical and computational modeling of stand-alone dyes and of dye-sensitized TiO 2 heterointerfaces 47,64,78 represents a powerful tool toward understanding the factors leading to enhanced photovoltaic efficiency. Here, we report a joint experimental and computational work on new organic donor− acceptor dye sensitizers in which a carbazole (CZ), possibly acting as an antenna, and a phenothiazine (PTZ) unit, anchored to the TiO 2 , are linked by an alkyl C 6 H 13 , employing two different anchoring groups: the cyanoacrylic acid (CS1A, CSORG1) and rhodanine-3-acetic acid (CS4A, CSORG4). We compare the photovoltaic performances of the new CSORG1 and CSORG4 dyes with those of the corresponding (CZ-free) PTZ-derivative, CS1A 79 and CS4A 80 (see Figure 1 ). Several examples of phenothiazine-based dyes have been reported in the literature, 79−92 with generally high V oc values and good overall efficiencies. On the other side, the use of the CZ ring in organic 66,67,93−95 and ruthenium-based 96−98 dyes is well-documented. 73, 99, 100 To the best of our knowledge, however, this is the first example of pure metal-free dyads for DSSC applications. Here, we introduce the CZ moiety linked via a C 6 H 12 alkyl chain with the multiple objectives of (i) acting as an extra-electron donor portion, providing more electron density on the PTZ; (ii) suppressing the back electron transfer from TiO 2 to electrolyte by forming a compact insulating dye layer; (iii) modulating dye aggregation on the semiconductor surface; and (iv) assessing the possibility of exploiting FRET 69 to produce additional photocurrent. Our results reveal a negligible effect of the CZ unit when linked to the CS1A dye (CSORG1, Figure 1 ), while a marked improvement of the photovoltaic performances in the rhodanine-based CS4A dye (CSORG4, Figure 1 ) is obtained, with a sizeable extension of the light to current conversion efficiency up to 800 nm and a twofold increment in the generated photocurrent. We show that the different anchoring groups in CSORG1 and CSORG4 give rise to different adsorption geometries on the oxide surface and to a different tendency to form dye aggregates. This consequently induces a different geometrical arrangement of the CZ (antenna) and PTZ (sensitizing dye) units, resulting in a largely favored energy transfer in the rhodanine-based CSORG4 dye, which possibly contributes to enhancing increasing the current response in the 300-400 nm range. Moreover, the increased V oc value observed for the CZ-PTZ CSORG4 dye suggests a possible blocking effect of the CZ unit, able to prevent electron recombination of the injected electrons with the electrolyte.
EXPERIMENTAL DETAILS
2.1. General Synthetic Procedure. The synthetic route of CSORG1, CSORG4, CS1A, and CS4A is shown in Scheme 1. Wellknown organic reactions were used for the synthesis of these dyes, such as N-alkylation followed by Vilsmeier-Haack formylation. Then, the formylated product was subjected to Knoevenagel condensation with cyanoacetic acid and rhodanine-3-acetic acid. The detailed synthetic procedures for CSORG1, CSORG4, and CS4A dyes are described below.
2.2. Experimental Section. The starting materials phenothiazine, carbazole, dibromohexane, bromohexane, rhodanineacetic acid, and cyanoacetic acid were purchased from Sigma−Aldrich. The solvents were purified by standard procedures and purged with nitrogen before use. All other chemicals used in this work were analytical grade and were used without further purification, and all reactions were performed under argon atmosphere. Chromatographic separations were carried out on silica gel (60−120 mesh).
1 H NMR and 13 C NMR spectra were recorded on an Avance 300 spectrometer and a 500 MHz spectrometer, using tetramethylsilane (TMS) as an internal standard. Mass spectra were recorded on a Shimadzu Model LCMS-2010EV system that was equipped with an electrospray ionization (ESI) probe. Absorption spectra were recorded on a Shimadzu ultraviolet-visible light (UV-vis) spectrometer. Emission spectra were recorded on a Jobin Yvon Horiba Model Fluorolog 3 fluorescence spectrometer.
Reagents and Conditions. (i) NaH, dimethylformamide (DMF), and 1,6-dibromohexane, at room temperature (RT), refluxed overnight; (ii) potassium hydroxide (KOH), DMF, di-tert-butylcarbazole, at RT, for 6 h; (iii) DMF, POCl 3 , 1,2-dichloroethane, refluxed overnight; (iv) piperidine, CHCl 3 , cyanoacetic acid, refluxed for 8 h; (v) Rhodanine-3-acetic acid, ammonium acetate, acetic acid, refluxed for 3 h; and (vi) NaH, DMF, 1-bromohexane, at RT, refluxed overnight.
Synthetic Procedure for CSORG1 and CSORG4 Dyes. 10-(6-Bromohexyl)-10H-phenothiazine (1) . A 100-mL three-necked flask was charged with phenothiazine (2.00 g, 10.036 mmol), NaH (0.29 g, 12.043 mmol), and 30 mL of DMF. The resulting mixture was stirred for 30 min. 1,6-Dibromohexane (1.852 mL, 12.043 mmol) was then added and the mixture was stirred overnight at room temperature. The reaction mixture was quenched with ice water (400 mL) and extracted three times with ethylacetate. The combined organic fractions were washed with brine and dried over Na 2 SO 4 . The solvent was removed under reduced pressure and the residue was purified by silica gel column chromatography using n-hexane/ethylacetate (9/1; v/v) as the eluent to give viscous liquid 1 (82% 10-(6-(3,6-Di-tert-butyl-9H-carbazol-9-yl)hexyl-10H-phenothiazine (2) . A suspension of powdered KOH (151 mg, 2.687 mmol) and dry DMF (10 mL) was stirred and degassed at room temperature for 60 min, and carbazole (300 mg, 1.075 mmol) and 10-(6-bromohexyl)-10H-phenothiazine (1) (427 mg, 1.183 mmol) were added. Then the reaction mixture was stirred for 6 h at room temperature and finally poured into ice water (200 mL). The organic layer was collected and the aqueous layer was extracted three times with ethyl acetate. The combined organic layers were dried over Na 2 SO 4 , and the solvent was removed under reduced pressure, and the resulting crude oily was purified by silica gel column chromatography using petroleum ether/ ethyl acetate (9:1) as eluent to give 2 (82%). 10-(6-(3,6-Di-tert-butyl-9H-carbazol-9-yl)hexyl-10H-phenothiazine-3-carbaldehyde (3). To a solution of 10-(6-(3,6-di-tert-butyl-9H-carbazol-9-yl)hexyl-10H-phenothiazine (2) (800 mg, 1.426 mmol) and dry DMF (120 mg, 1.568 mmol) in 1,2-dichloroethane (DCE) (10 mL), POCl 3 (239 mg, 1.568 mmol) was added slowly at 0°C in an ice water bath. Then, the mixture was heated at reflux and maintained overnight. The reaction mixture was quenched with water and extracted three times with chloroform. The combined organic fraction were washed with brine and dried over Na 2 SO 4 . The solvent was removed under reduced pressure and the residue was purified by silica gel column chromatography using petroleum ether/ethylacetate (9/1; v/v) as an eluent to give 3 (75% CSORG1. Compound 3 (120 mg, 0.203 mmol) in CHCl 3 (8 mL) was condensed with 2-cyanoacetic acid (43 mg, 0.509 mmol) in the presence of piperidine (0.066 mL, 0.672 mmol). The mixture was refluxed for 8 h. After cooling to room temperature, 5 mL of 2 M aqueous HCl was added and the mixture was stirred for 30 min. Then the mixture was washed with water and extracted three times with chloroform. The combined organic fractions were washed with brine and dried over Na 2 SO 4 . The solvent was removed under reduced pressure and the residue was purified by column chromatography using methanol/dichloromethane (1/9; v/v) as an eluent to afford CSORG1 (75%) as dark red powder. CSORG4. To 15 mL of glacial acetic acid were added 3 (135 mg, 0.23 mmol) and rhodanine-3-acetic acid (48 mg, 0.252 mmol), and the solution was refluxed for 3 h in the presence of ammonium acetate (21 mg, 0.274 mmol). After cooling to room temperature, the mixture was poured into ice water. The precipitate was filtered and washed with distilled water. After drying under vacuum, the precipitate was purified by column chromatography using methanol/dichloromethane (1/9; v/ v) as an eluent to afford CSORG4 (80%) as red crystals. Synthesis of CS4A. 10-Hexyl-10H-phenothiazine (4). A 100-mL three-necked flask was charged with phenothiazine (2.00 g, 10.036 mmol), NaH (0.29 g, 12.043 mmol), and 30 mL of DMF. The resulting mixture was stirred for 30 min, and then bromohexane (1.806 mL, 12.043 mmol) was added and the mixture was stirred overnight at room temperature. The reaction mixture was quenched with ice water (400 mL) and extracted three times with ethyl acetate. The combined organic fractions were washed with brine and dried over Na 2 SO 4 . The solvent was removed under reduced pressure and the residue was purified by silica gel column chromatography using n-hexane/ethyl acetate (9/1; v/v) as the eluent to give viscous liquid 4 (82% 10-Hexyl-10H-phenothiazine-3-carbaldehyde (5). To a solution of 10-hexyl-10H-phenothiazine (4) (0.800 g, 2.836 mmol) and dry DMF (0.240 mL, 3.120 mmol) in 1,2-dichloroethane (DCE) (10 mL), POCl 3 (0.294 mL, 3.120 mmol) was added slowly at 0°C in an ice water bath. The mixture then was heated at reflux and maintained overnight. The reaction mixture was quenched with water and extracted three times with chloroform. The combined organic fractions were washed with brine and dried over Na 2 SO 4 . The solvent was removed under reduced pressure and the residue was purified by silica gel column chromatography using petroleum ether/ethyl acetate (8/2; v/v) as an eluent to give 5 (75%) as an yellow powder. CS4A. The product was synthesized according to the procedure as described above for the synthesis of CSORG4, starting from compound 5, giving a dark red powder CS4A (85%). 2 ) were prepared using a variation of a method reported by Graẗzel and co-workers. 8 Fluorine-doped tin oxide (FTO)-coated glass electrodes (Nippon Sheet Glass Co., Japan) with a sheet resistance of 8−10 Ω −2
and an optical transmission of >80% in the visible range were used. Anatase TiO 2 colloids (particle size ≈ 13 nm) were obtained from commercial sources (Ti-nanoxide D/SP, Solaronix). The nanocrystalline TiO 2 thin films of approximately 20 μm thickness were deposited onto the conducting glass by screen-printing. The film was then sintered at 500°C for 1 h. The film thickness was measured with a Surfcom 1400A surface profiler (Tokyo Seimitsu Co., Ltd.). The electrodes were impregnated with a 50 mM titanium tetrachloride solution and sintered at 500°C. The dye solutions (2 × 10 −4 M) were prepared in 1:1 acetonitrile and tert-butyl alcohol solvents. Deoxycholic acid as a co-adsorbent was added to the dye solution at a concentration of 20 mM. The electrodes were immersed in the dye solutions and then kept at 25°C for 20 h to adsorb the dye onto the TiO 2 surface.
2.3.2. Fabrication of Dye-Sensitized Solar Cells. Photovoltaic measurements were performed in a two-electrode sandwich cell configuration. The dye-deposited TiO 2 film was used as the working electrode and a platinum-coated conducting glass as the counter electrode. The two electrodes were separated by a surlyn spacer (40 μm thick) and sealed up by heating the polymer frame. The electrolyte was composed of 0.6 M dimethylpropyl-imidazolium iodide (DMPII), 0.05 M I 2 , and 0.1 M LiI and TBP 0.5 M in acetonitrile (AN).
2.3.3. Photovoltaic Characterization. The working electrode was illuminated through a conducting glass. The current−voltage characteristics were measured using the previously reported method 101 with a solar simulator (AM-1.5, 100 mW/cm 2 , WXS-155S-10: Wacom Denso Co. Japan). Monochromatic incident photon-to-current conversion efficiency (IPCE) for the solar cell, plotted as a function of excitation wavelength, was recorded on a CEP-2000 system (Bunkoh-Keiki Co., Ltd.). Incident photon-to-current conversion efficiency (IPCE) at each incident wavelength was calculated from eq 1,
where I sc is the photocurrent density at short circuit (expressed in units of mA cm −2 ) under monochromatic irradiation, q the elementary charge, λ the wavelength of incident radiation (in nanometers), and P 0 the incident radiative flux (in units of W m −2 ).
COMPUTATIONAL DETAILS
Following the computational protocol previously developed by some of us for organic sensitizers, 102 the ground-state equilibrium geometries of the isolated CS1A, CS4A, CSORG1, and CSORG4, as well as that of the isolated carbazole (CZ) unit (Figure 1 ), were optimized in vacuo, using the B3LYP exchange-correlation (xc) functional 103 and a 6-31G* basis set, 104 while the UV-vis absorption spectra of the dyes in solution were simulated by time-dependent density functional theory (TDDFT) calculations with the hybrid MPW1K xc functional 105 and a 6-31G* basis set. Solvent (tetrahydrofuran, THF) effects were included by the conductor-like polarizable continuum model (C-PCM), 106 as implemented in GAUSSIAN 09. 107 The dye/semiconductor interface has been modeled by adsorbing the CSORG1, CSORG4, and CS4A in a bidentate coordination mode onto a (TiO 2 ) 82 cluster, obtained by appropriately "cutting" an anatase slab, exposing the majority (101) surface; 108 here, we recall that we recented reported about the structure of the CS1A@TiO 2 and its dimeric aggregates, 79 so, for this system, we shall refer to the already published results. For the CS4A and CSORG4, the effect of the CZ unit on the tendency of the dye to form stable aggregates on the semiconductor surface has been also investigated. Following the scheme/methodology developed in ref 47 , here, we have modeled two different aggregation patterns selected among the most interacting ones. The nomenclature that we use to label the dimer configurations is illustrated in Figure 2 , along with a top view of the anatase TiO 2 (101) surface. Keeping fixed the position of the molecule placed in (0,0), each dimer is labeled by the (x,y) coordinates of the second molecule. Therefore, the two dimers examined in this study are labeled as (2,2) and (3,1).
The ground-state equilibrium geometries of the CSORG4@(-TiO 2 ) 82 , CS4A@(TiO 2 ) 82 , and those of the corresponding dimeric (2,2) and (3,1) structures have been optimized in the gas phase with the ADF program package, 109−111 employing the PBE exchangecorrelation functional 112 with a DZ basis set. The binding energies of the optimized dimeric structures, computed with respect to the noninteracting monomers at the geometry they have in the dimer, were calculated at MP2 level of theory in water solution with a 6-31G* basis set on the deprotonated dimers as cut by the TiO 2 cluster as well as on the same protonated structures at B3LYP-D3 113, 114 /6-31G* in vacuo. The electronic absorption spectra of the protonated dimeric (2,2) and (3,1) CS4A and CSORG4 structures, as well as those of the corresponding isolated molecules, were calculated by TDDFT calculations in THF solution using the MPW1K 103 and a 6-31G* basis set.
RESULTS AND DISCUSSION
4.1. UV-vis Absorption Spectra. In the top panel of Figure 3 , the experimental UV-vis absorption spectra in a THF solution of CS1A, CS4A, and the emission spectra of the CZ 115 are displayed, whereas, in the bottom panel, we report the absorption spectra (THF solution) of the CSORG1 and CSORG4 sensitizers; the corresponding absorption and emission band maxima are reported in Table 1 . Here, we shall leave out the detailed discussion of the optical properties of the CS1A dye, referring the interested reader to our previous work (ref 78 ).
In the low-energy region, the CZ-free CS1A and CS4A dyes present intense absorption bands, centered at 440 and 465 nm, respectively, being quite well-reproduced by the TDDFT/ MPW1K calculations, which locate the lowest-energy vertical transitions at 422 and 451 nm, respectively. The higher-energy bands show maxima at 314 (CS1A) and 356 nm (CS4A), again nicely reproduced by the TDDFT calculations, which, for CS1A, predict two dipole-allowed transitions at 306 and 288 nm, whereas for CS4A, a single excitation at 333 nm. As expected, the introduction of the rhodanine 3-acetic-acid acceptor group yields a moderate red-shift of the absorption spectrum associated to a sizeable increase of the molar absorption coefficient. The absorption spectrum of the CZ ring in apolar solvent (cyclohexane) shows two maxima at 330 and 345 nm, 115 which therefore lie within the high-energy absorption band of the PTZ, as highlighted in absorption spectra of the CSORG1 and CSORG4 (top panel of Figure 3 ), where two peaks imputable to the CZ unit appear at ∼350 nm. The emission spectrum of CZ, 115 reported in the bottom panel of Figure 3 , compared with the experimental spectra of the CS1A and CS4A compounds, shows two peaks at 350 and 365 nm, which therefore favorably match the high-energy absorption of the PTZ, making the FRET accessible for this system. However, we note that the spectral overlap results are sizably larger for the rhodanine-based CS4A dye, increasing, in principle, the probability (Forster radius) of the energy transfer in the CSORG4 sensitizer. The TDDFT-calculated vertical excitation energies reported in Table 1 for CSORG1 and CSORG4 well reproduce the experimental absorption maxima in the low-energy region, where the excitations, involving only the PTZ moiety, have CT character and turn out to be adequately described by the hybrid MPW1K functional (see the isodensity plots of the main molecular orbitals involved in the excitations reported in Figure 4 ). In the 300−400 nm region, while we predict, with reasonable accuracy, the higher-energy transition of the PTZ (306/288 and 333 nm coincident with those of CS1A and CS4A), the absorption band of the CZ is substantially blue-shifted, being located at 4.25 eV/260 nm. This is not surprising, considering the local π→π* character of the excitation on the CZ ring (see Figure 4) , requiring a lower percentage of Hartree−Fock exchange in the exchangecorrelation functional (e.g., B3LYP, PBE0, etc.) to be accurately described.
4.2. Photovoltaic Characterization. Figure 5 displays the IPCE curves for the CSORG1, CSORG4, CS1A, and CS4A dyes.
The CSORG4 dye shows the IPCE onset at 800 nm, whereas the homologous CSORG1 dye onsets at 700 nm, consistent with the red-shift of the absorption spectrum obtained replacing the cyanoacrylic acid anchoring with the rhodanine-3-acetic acid group. However, the IPCE of CSORG1 exceeds 80% in the spectral range of 400−540 nm, unlike CSORG4, which reaches a maximum of 74% at 500 nm. The IPCE spectra of the CZ-free CS1A and CS4A dyes basically show the same shape of the corresponding "complete" dyes but with lowest conversion efficiencies, above all in the case of the rhodaninebased sensitizers, where the introduction of the CZ donor considerably increases the IPCE at both high-energy and lowenergy ranges. The higher IPCE in the 300−450 nm range for CSORG1 and CSORG4, compared to CS1A and CS4A, could be possibly attributed to FRET between the CZ donor and the PTZ acceptor. However, the most intriguing difference between CS4A and CSORG4 is the extension from 700 nm up to 800 nm of the IPCE, which is suggestive of the evidently different optical/electronic/structural properties of the sensitized TiO 2 . In Figure 6 , the current density−voltage (J−V) curves for the DSSCs are reported, while the related PV data are collected in Table 2 .
The increased photocurrent of CSORG4, with respect to CSORG1, is consistent with the red-shifted absorption maximum and the molar extinction coefficients reported in Table 1 and the IPCE curves discussed above. However, we note overall larger V oc values of the cyanoacrylic dyes, compared to the rhodanine-based homologues, possibly indicating accelerated electron recombination processes in the latter. Interestingly, the introduction of the CZ donor slightly lowers the efficiency of the CSORG1 dye, from 6.3% to 5.8%, basically reducing the V oc of ∼70 mV. As a matter of fact, instead, for the rhodanine-based sensitizers, CSORG4 and CS4A, the presence of the CZ donor notably raises the cell efficiency from 2.5% to 5.6%, yielding a two-fold increase in the photocurrent (from 6.7 to 12.7 mA/cm 2 ), a higher V oc , and also a slightly higher fill factor (FF). Interface. To gain insight into the peculiar effect of the CZ unit, which exceptionally improves the photovoltaic performance of the CSORG4 dye, compared to the PTZ CS4A dye, we investigated the adsorption of a single dye molecule as well as that of two possible dimeric aggregates, on a (TiO 2 ) 82 nanocluster. First, we start by discussing the adsorption geometries of CSORG1, CSORG4, and CS4A on the TiO 2 surface (see Figure 7) .
As we have previously shown for other organic dyes bearing the cyanoacrylic and the rhodanine-3-acetic acids, the bidentate Table 1 is also reported. coordination leads to a molecule standing perpendicular to the semiconductor surface in the former case and to a molecule lying almost flat, with respect to the TiO 2 surface plane, in the latter case. 116 We also notice that the presence of CZ in CSORG4 does not change the adsorption geometry, compared to the PTZ CS4A dye. In the upper panel of Figure 8 , we compare the projected density of states (PDOS) on the dye's LUMO (upper panel) for the CSORG4@TiO 2 and CSORG1@TiO 2 systems, whereas in the bottom, the corresponding Lorentzian distribution 117 of the LUMOs is plotted; note that, here, we do not plot the PDOS of CS4A@ TiO 2 , since it is coincident with that of the CSORG4 dye. By analyzing the PDOSs, an average value of the LUMO of the adsorbed dye (E LUMO (ads)) can be defined as follows:
where ε i represents the calculated orbital energies and p i represents the projected DOS (PDOS) contributions on the dyes's LUMO.
This provides us with an estimation of the shift of the LUMO of the isolated dye, as a consequence of the interaction with the TiO 2 states: the larger the electronic interaction between the adsorbate and the substrate, the larger the rate of the electron injection. In fact, according to the Newns−Anderson model, 118, 119 one can estimate the injection rate by simply considering the broadening of the PDOS, relative to the LUMO of the dye, which can be effectively described by a Lorentzian distribution. 117 Looking at the plots in Figure 8 , one can notice that, as expected, the use of the nonconjugated rhodanine-3-acetic acid group as an anchoring unit in CSORG4 (CS4A) strongly reduces the broadening of the dye's LUMO, with respect to that calculated for the CSORG1 dye. For CSORG4, the value of the adsorbed LUMO is −2.88 eV, coincident with the energy of an orbital having 96% of the electron density localized on the dye, the first CB state is predicted at 3.15 eV and the calculated Lorentzian broadening is 0.012 eV (injection rate of 54 fs); a similar situation is found for the CS4A dye, with the dye's LUMO (ca. 87 %) at −2.87 eV and the lowest TiO 2 empty state at −3.14 eV and a broadening of 0.014 (injection rate of 47 fs). For the cyanoacrylic-based dye, CSORG1, the LUMO is spread over ca. 30 empty states, largely mixed with the TiO 2 conduction band states (see the asymmetric and broadened PDOS in Figure 8 ) and its average value is −2.88 eV, with the CB edge at −3.17 eV; the resulting Lorentzian broadening is 0.196 eV, corresponding to an injection rate of ca. 3 fs. Hence, our results suggest that such a strong mixing between the dye's LUMO and the TiO 2 empty states might induce an ultrafast direct injection mechanism for the CSORG1 dye, with the electrons that are partially directly excited into the hybrid dye-TiO 2 empty states, whereas for CSORG4 and CS4A, analogous to that discussed for other rhodanine-anchored sensitizers, 116 an indirect injection mechanism is supposed to take place.
Moreover, as discussed for analogous threephenylaminebased organic dyes, 116 the different adsorption configuration of the rhodanine-anchored sensitizers and their lower electronic coupling with the TiO 2 CB states, compared to the cyanoacrylic-based homologues, might account for the accelerated electron recombination reaction in the former case and thus for their generally lower V oc values. 51 4.3.2. Aggregation. The analysis of the electronic properties of the dye/semiconductor interface discussed above does not provide useful insights for the dramatically different photovoltaic performances of CS4A and CSORG4, since the dyes show the same adsorption mode on the TiO 2 surface and the sensitized-TiO 2 has rather similar electronic structure and energetic (conduction band edge, extent of the TiO 2 -dye's LUMO mixing). Therefore, the considerable improvement in photocurrent, and V oc values obtained passing from CS4A to CSORG4, could be related to peculiar aggregation motifs of the CSORG4 dye, yielding the sizeable red-shift and broadening of the light absorption range. To model the aggregation properties of both CSORG4 and CS4A, here, we investigate the relative stability and the optical response of two close-interacting dimeric arrangements, namely (2,2) and the (3,1) reported in Figure 9 (see the scheme depicted in Figure 2 ).
The binding energies of the dimeric structures, computed with respect to the non-interacting monomers at the geometry they have in the dimer, are listed in Table 3; the B3LYP-D3 values 113, 114 have been calculated for the protonated dimeric structures in the gas phase, whereas, for the deprotonated dimers, we carried out MP2 calculations in solution.
As is apparent, regardless the level of calculation, the interaction energies do not show significant differences in the aggregation motif of CSORG4, compared to that of the smaller homologue, CS4A: both dyes have a sizeable tendency to form close aggregates, with the (3,1) scheme largely stabilized (more than 10 kcal/mol) with respect to the non-interacting monomers. The CZ units, interacting each other face to face in this static aggregation model, seem to favor the close packing on the oxide surface, slightly increasing the stabilization energy, compared to that of CS4A, with an effect closely resembling that of long alkyl chains. However, we cannot exclude that the thermal motion in the actual devices might induce some steric hindrance and reduce the aggregation strength.
Further insights come from the simulation of the optical absorption spectra of the dimers and from their comparison with those of the isolated monomers optimized on the TiO 2 cluster at the same level of theory. In Figure 10 , we compare the simulated absorption spectra of the two investigated dimeric structures and of the isolated dyes, for both CS4A (top panel) and CSORG4 (bottom panel), while the calculated excitation energies and their oscillator strengths are listed in Table 4 . The (2,2)-type aggregates show, in both cases, an appreciable red-shift, associated to an intensity increment, of the lowestenergy band (magenta lines vs. black lines in Figure 10 ), which moves from 2.74 eV to 2.66 eV (CS4A) and from 2.76 eV to 2.71 eV (CSORG4). Interestingly, the largely favored (3,1) dimeric structure delivers a differential optical response in the two cases: for the PTZ CS4A dye, a small blue-shift associated to an intensity reduction is calculated, with the band maximum going from 2.74 eV to 2.76 eV, whereas for the CSORG4 dye, a 0.03 red-shift (from 2.76 eV to 2.73 eV) is predicted, with the first transition occurring at 2.69 eV. Therefore, our calculations suggest that both CS4A and CSORG4 tend to give aggregation upon adsorption onto the semiconductor surface. Moreover, the red-shift and intensity increase calculated for the (3, 1) CSORG4, compared to the blue-shift and intensity decrease predicted for the analogous CS4A dimer, could explain the extension of the CSORG4@TiO 2 absorption up to 800 nm, as shown in the IPCE curves in Figure 6 . These results give indication of a beneficial effect, already documented in the literature, 48,120−122 arising from the formation of "benign" surface aggregates, which notably extend the light absorption window. Given the strong tendency to give close packing, one can further speculate that the carbazole units in CSORG4, which closely interact each other in a face-to-face arrangement, provide an effective blocking layer against the I 2 /I 3 − percolation toward the oxide surface, suppressing electron recombination reactions and thus increasing the open circuit voltage of the cell, compared to that of the CZ-free CS4A dye (see the V oc values in Table 2 ).
4.3.3. Forster Resonance Energy Transfer (FRET). Following our previous work, 73 to model the occurrence of Forster-type intramolecular energy transfer (FRET) between the CZ and the PTZ units, we calculated the dimensionless factor κ 2 , at the optimized geometries of the CSORG1 and CSORG4 dyes adsorbed on the TiO 2 cluster.
We briefly recall that the energy transfer rate is given by
where τ 0 is the lifetime of the donor excited state, R 0 is the 
where the angle α, β, and γ define the relative orientation between the two interacting dipole moments. 77 As discussed above, the larger spectral overlap between the CZ emission and the CS4A absorption spectra, compared to CS1A in Figure 3 , implies, with other factors being equal, a more favorable FRET in the case of the CSORG4 dye, compared to CSORG1. Furthermore, the different adsorption geometries, induced by the two different anchoring groups in CSORG1 and CSORG4 dyes (see Figure 7) , yield different relative orientations of the donor (CZ) and acceptor (PTZ) moieties and possibly different donor−acceptor distances. Actually, we calculated markedly different κ 2 values: 1.81 and 3.17 for CSORG1 and CSORG4, respectively, with donor−acceptor distances (distances between centers of nuclear charges) of 11.75 and 10.88 Å, respectively. It is worthwhile to highlight here that (i) the calculated parameters refer to a "static" model where the relative donor/acceptor orientation is kept fixed and (ii) the introduction of dynamical effects might induce temporal variations of the calculated distances and κ 2 values. However, one can speculate that the interaction with the semiconductor surface and the close molecular packing, attested by the strong dimerization energies discussed above, should limit the random rotation of the CZ antenna, as well as important geometrical rearrangements of the system, making us confident that this "static" picture provides a reliable "average" model of the FRET process.
In summary, the present results confirm the possible occurrence of FRET from CZ to PTZ in both molecules, although with a possibly larger Forster radius (higher energy transfer rate) in the rhodanine-based dye, possibly accounting for the increase in the light absorption and the increase in the generated photocurrent in the 350−400 nm window.
CONCLUSIONS
We have reported the synthesis, photovoltaic characterization, and computational modeling of two new organic phenothiazine dyes, obtained by linking, via a C 6 H 12 alkyl chain, a donor carbazole moiety to the phenotiazine core, which is anchored to the TiO 2 surface either through a cyanoacrylic acid (CSORG1) or a rhodanine-3-acetic acid (CSORG4). The introduction of the carbazole donor was shown to remarkably enhance the photovoltaic performances of the rhodanine-based dye (CSORG4), compared to the corresponding simple PTZ dye (CS4A), with more than a two-fold increase in the overall efficiencies. On the other side, the carbazole did not bring beneficial effects in the case of the cyanoacrylic-based sensitizers, even yielding a slightly lower efficiency for CSORG1, compared to CS1A. In order to provide an explanation of the PV data and understand the role of the carbazole unit, we modeled the stand-alone molecules in solution as well as the dye-sensitized TiO 2 , investigating the structural, electronic, and optical properties of the dye/ semiconductor interface, the dye aggregation, and the possible occurrence of beneficial intramolecular energy transfer (FRET) from the carbazole to the phenotiazine. The computational study suggests that both CS4A and CSORG4 dyes tend to give aggregation upon adsorption onto semiconductor surface, contrary to that previously found for the cyanoacrylic-based CS1A dye. Moreover, the clear red-shift and intensity increase calculated for the most stable CSORG4 dimer, compared to the blue-shift and intensity decrease predicted for the analogous CS4A dimer, could provide an explanation of the extension of the CSORG4@TiO 2 absorption up to 800 nm. We also speculate that the carbazole units in the CSORG4, which tend to closely interact each other in a face-to-face arrangement, provide an effective blocking layer for the percolation of the redox species toward the oxide surface. Moreover, the carbazole core is possibly responsible of a intramolecular fluorescence resonance energy transfer, which based on the absorption and emission spectra overlap and on the calculated values of the orientational κ 2 factor, turns out to be largely favored in the rhodanine-3-acetic acid-based CSORG4 dye.
Our study demonstrates that a proper molecular design, by accurate selection of donor, acceptor, and anchoring groups, combined with a high-level computational modeling of the structural and optical/electronic properties of the dyesensitized interface, may provide remarkable advances toward the efficiency boost direction.
